Doppler optical coherence tomography (DOCT) and OCT angiography are novel methods to investigate cerebrovascular physiology. In the rodent cortex, DOCT flow displays features characteristic of cerebral blood flow, including conservation along nonbranching vascular segments and at branch points. Moreover, DOCT flow values correlate with hydrogen clearance flow values when both are measured simultaneously. These data validate DOCT as a noninvasive quantitative method to measure tissue perfusion over a physiologic range.
Introduction
For the study of cerebrovascular physiology, an ideal cerebral blood flow (CBF) measurement technique should provide high spatial and temporal resolution. The gold standard for determination of regional blood flow is autoradiography (Sakurada et al, 1978) . Although autoradiographic methods provide absolute, spatially resolved blood flow measurements, they contain no information about the temporal evolution of CBF changes. The hydrogen clearance method (Aukland et al, 1964) allows in situ measurement of blood flow, but requires insertion of an electrode into tissue and has limited spatial resolution. Methods of flow measurement based on magnetic resonance imaging (Calamante et al, 1999) and positron emission tomography (Heiss et al, 1994) provide maps of CBF, but are limited in their spatial and temporal resolution. Therefore, a simple method that provides real-time three-dimensional, spatially resolved, and absolute CBF measurements would aid in experimental studies of brain functional activation and cerebrovascular pathophysiology.
Doppler optical coherence tomography (DOCT) is a path length-resolved optical imaging technique that can measure velocity axial projections in welldefined microscopic volumes (Chen et al, 1997; Leitgeb et al, 2003) . Doppler OCT velocity axial projections can be used to perform absolute measurements of blood flow either by estimating vessel angles (Wang et al, 2007b) or by processing volumetric data (Srinivasan et al, 2010b) . Optical coherence tomography angiography has also been developed to visualize red blood cell (RBC) perfusion (Wang et al, 2007a) . Variations of this method have been shown to visualize perfusion with improved sensitivity and resolution (Srinivasan et al, 2010a; Vakoc et al, 2009) . In this study, we show the self-consistency of DOCT flow measurements by showing flow conservation along nonbranching vascular segments and at branch points. Furthermore, we show the suitability of DOCT for interanimal comparisons by correlating DOCT flow with hydrogen clearance flow measured concurrently in the same brain.
Materials and methods
Sprague-Dawley rats (n = 17, weighing 350±30 g) were prepared under isoflurane anesthesia (1.5% to 2.5% in 25% oxygen, 75% air). After tracheotomy and femoral arterial and venous catheterization, the head was fixed in a stereotaxic frame, the scalp was retracted, and a B5 mm Â 5 mm area of the skull over the somatosensory cortex was thinned to translucency. In five rats, OCT imaging was performed through a closed cranial window after removing the skull and dura, using a preparation described previously (Srinivasan et al, 2010b) . In the other 12 rats, a small, B250-mm diameter hole in the skull was made in a parietal cortex area devoid of large pial vessels for insertion of the hydrogen clearance electrode. A thin layer of artificial cerebrospinal fluid (pH = 7.4, 371C) was applied to the skull immediately before flow measurements. All OCT imaging procedures were performed in 2 minutes to avoid significant evaporation. Average blood gas values were Pa CO2 = 41.3 ± 2.7 mm Hg, Pa O2 = 122.0 ± 7.3 mm Hg, and pH = 7.37 ± 0.02. Body temperature was maintained between 36.51C and 37.51C. All animal procedures were reviewed and approved by the Subcommittee on Research Animal Care at the Massachusetts General Hospital, where these experiments were performed.
A 1,310 nm spectral/Fourier domain OCT microscope (described in Supplementary Information) was used for these experiments. The axial (depth) resolution was 4.7 mm in air (3.5 mm in tissue, full-width at half-maximum), and the transverse resolution was 7.2 mm (full-width at halfmaximum). Figure 1 and Supplementary Figure 2 show imaging through a closed cranial window, whereas all other figures show data obtained from animals with thinned skull preparations. For quantitative flow measurements, a DOCT scan protocol and an OCT angiography scan protocol, requiring B1 minute each, were performed. The DOCT scan generated a three-dimensional map of the axial (z) projection of velocity (v z (x,y,z)) (Srinivasan et al, 2010b) , whereas the angiography scan generated a threedimensional angiogram showing perfusion (Srinivasan et al, 2010a ). An area of 1.04 mm Â 1.04 mm was imaged for absolute CBF estimation.
Flow at specific locations in vessels was obtained from DOCT velocity axial projections by calculating the velocity flux through the en face (also known as transverse or xy) plane using the following expression (Srinivasan et al, 2010b) ,
where integration was performed over a two-dimensional region of interest (ROI) corresponding to the vessel crosssection in the transverse plane at a particular depth (axial location) of z 0 . To determine the depth of DOCT velocity images, the inner surface of the dura was assigned a depth of z 0 = 0 mm. (However, it should be emphasized that z 0 strictly refers to axial location and not to cortical depth. Ideally, the cortical surface should be aligned approximately perpendicular to the axial direction; however, in general, the brain surface may be tilted or curved.) A vessel location at a given depth z 0 can also be characterized by its mean velocity axial projection,
and by its cross-sectional area in the transverse plane,
From the above equations, it follows that flow in a vessel is the product of the vessel transverse cross-sectional area and the mean velocity axial projection.
The total draining flow at the cortical surface was approximated by summing flow over all ascending venules in the field of view, where ascending venules were identified based on the OCT angiogram. A cortical volume of 2.16 mm 3 drained by this flow was calculated from the known cortical surface area (field of view) of 1.08 mm 2 and an assumed cortical thickness of 2 mm (Paxinos and Watson, 1982) . The mass of tissue corresponding to this cortical volume was calculated by assuming a brain tissue density of 1.05 g/mL (Franceschini et al, 2007; Weaver et al, 2001 ). Thus,
This represents a novel method of absolute CBF estimation based on flow measurements in individual vessels, which does not rely on Kety-Schmidt methods (Kety, 1951) . More details of this procedure are shown in Supplementary  Figure 3 .
To validate this method of absolute flow estimation, 12 rats were imaged under either 1.5% isoflurane anesthesia (n = 6) or 40 mg/kg per h a-chloralose anesthesia (n = 6). A breathing mixture of 20% O 2 and 80% N 2 was used. A platinum electrode for hydrogen clearance with a diameter of 100 mm, sampling from a calculated tissue volume of 0.58 mm 3 , was used (Demchenko et al, 2005) . The electrode was inserted to 1 mm depth (Feng et al, 1988) into the cortex. A reference Ag-AgCl electrode was fixed at the base of the tail. Measurements were performed at least 30 minutes after electrode insertion. Optical coherence tomography imaging protocols were performed through the thinned skull in the vicinity of the hydrogen clearance electrode, simultaneously with acquisition of hydrogen clearance curves. To the extent possible, the OCT field of view was chosen to encompass the electrode insertion point while avoiding large pial vessels. Although the axial image resolution was 3.5 mm, we averaged velocity data such that the effective axial resolution of the DOCT velocity image was 10.5 mm. Animals were switched to a breathing mixture containing air and 2.5% hydrogen for 2 minutes, and then switched back to the initial breathing mixture of 20% O 2 and 80% N 2 . Hydrogen clearance curves from the polarographic amplifier were digitized using a separate computer with OCT acquisition triggers. Clearance curves were converted to a logarithmic scale, and the linear portion of the curve was fitted to determine the decay time constant which was converted to blood flow (Young, 1980) .
Results
An OCT angiogram of the rat somatosensory cortex, obtained as described previously through a closed cranial window (Srinivasan et al, 2010a) , revealed the microvasculature with a high spatial resolution ( Figure 1A ). Microvascular density was conspicuously lower in areas near the diving arterioles (solid circles), but not near the ascending venules (dotted circles) of comparable size ( Figure 1B ). This result strongly suggests oxygen delivery from the diving arterioles to the tissue. This finding was reproduced in all five rats imaged through closed cranial windows. The angiograms also showed a distinct 'stripe' pattern down the center of large vessels. When viewed in depth cross-section, vessels showed a backscattering pattern corresponding to the stripe seen in the en face view, with higher backscattering at the top and bottom of the vessel, and lower backscattering near the sides ( Figure 1C) . This pattern is a consequence of two phenomena: first, the elongation and preferential orientation of the RBC flat face approximately parallel to the vessel wall (Fischer, 1980; Fischer et al, 1978) caused by shear flow and second, an orientation dependence of RBC backscattering (Nilsson et al, 1998) . Thus, RBCs in the upper and lower quadrants in the vessel backscatter more than those in the right and left quadrants because of their orientation. We observed that this stripe pattern disappeared with stoppage of shear flow (data not shown).
Doppler OCT enables high-resolution mapping of velocity axial projections ( Figure 1D ). Distinct regions of positive flow (solid circles) or negative flow (dotted circles) are associated with descending arterioles or ascending venules, respectively ( Figures  1E to 1H) . Capillaries are not, in general, visualized in the DOCT image, although they are visualized in the OCT angiogram ( Figure 1A, Supplementary  Figure 2 ). The magnitude of the velocity vector, or speed, is greater than that of the axial projection of velocity; therefore, the velocity axial projections measured by DOCT are smaller in magnitude than speeds measured previously (Lipowsky, 2005) .
To validate DOCT in a thinned skull preparation, we investigated conservation of DOCT flow along nonbranching vascular segments ( Figure 2 ). We selected two transverse locations in a nonbranching vessel (Figure 2A ), obtaining two en face DOCT images at two depths corresponding to the two vessel locations ( Figure 2B ). By selecting an ROI around the vessel at each of the two depths, we obtained the mean velocity axial projection over the ROI, ROI transverse cross-sectional area, and flow, defined as the velocity flux through the ROI. Importantly, as the angle between the vessel long axis and the axial direction decreases (i.e., the vessel orientation becomes more vertical), the transverse cross-sectional area is decreased, whereas the mean velocity axial projection is increased ( Figure 2B ). Therefore, flow (calculated as the product of area and velocity) is the same at both locations. In Figures 2C to 2E , data from 24 vessels are color coded either red or blue depending on whether the magnitude of the mean velocity axial projection is greater at location 1 (superficial) or at location 2 (deep), respectively. For 22 of 24 vessels, the magnitude of the mean velocity axial projection and the transverse crosssectional area changed in opposite directions from location 1 to location 2 ( Figure 2D ). Therefore, flow was highly conserved along nonbranching vascular segments ( Figure 2E ). Indeed, flow was better conserved in nonbranching vessels than the mean velocity axial projection (P < 0.001, Wilcoxon's signed-rank test on magnitude of fractional error between locations). Flow was also found to be conserved before and after the branch point of a vessel. A single ROI was selected before, and two ROIs were selected after a branch point ( Figures 3A and 3B) . Branch sums and main trunk values of mean velocity axial projection ( Figure 3C) , transverse cross-sectional area ( Figure  3D ), and flow ( Figure 3E ) were compared. A similar analysis showed that flow before a branch point was equal to the sum of flows in the branches after the branch point (n = 13; Figure 3E ). Again, flow was better conserved than the mean velocity axial projection at branch points (P < 0.001, Wilcoxon's signed-rank test on magnitude of fractional error between the main trunk and the branch sum).
To validate DOCT absolute flow values, we compared these values with those simultaneously measured by the hydrogen clearance method in the vicinity of the OCT imaging field ( Figure 4A ). Absolute CBF was calculated from DOCT, as shown in Supplementary Figure 3 , using an average of 20 ascending venules per animal (also see equation (5)). By using different anesthetic regimens to vary the resting CBF, we found a linear correlation between CBF measured by DOCT and hydrogen clearance techniques (R 2 = 0.76, least-squares linear fit, P < 0.001; Figure 4B ). However, the statistically significant linear correlation does not necessarily imply that the two methods agree. Importantly, further analysis revealed that DOCT yielded higher flow values than did hydrogen clearance in 11 of 12 rats. On average, DOCT absolute CBF measurements exceeded hydrogen clearance CBF measurements by 45%.
To further explore this apparent discrepancy, DOCT absolute flow values in concentric annuli are shown versus distance from the point of electrode insertion ( Figure 4C ). Mean flows and s.e., obtained from measurements across all animals, are shown. If flow data from a particular annulus were not available for one experiment because of the lack of overlap with the OCT field of view, then this annulus from this experiment was excluded from mean and s.e. calculation. This bar graph suggests that the 100mm diameter electrode causes a local flow reduction over a region with a radius of B200 mm.
Discussion and conclusions
We demonstrated that DOCT flow measurements obey the expected steady-state properties of blood flow, including conservation along nonbranching vascular segments and at branch points. Importantly, variations in the average velocity axial projection caused by changes in vessel angle are balanced by equal and opposite changes in the transverse crosssectional area, yielding flow values that do not depend on the vessel angle. It should be noted that to achieve the most reliable measurements, we limited our measurements to within 150 mm of the pial surface, where multiple scattering effects are minimized and signal-to-noise ratio is the highest. Furthermore, we measured only vessels with an axial orientation sufficient to generate a detectable Doppler shift.
Our results show a correlation between absolute flow measurements by DOCT and hydrogen clearance, suggesting that DOCT flowmetry can be used to compare flow between animals. We used ascending venules to measure the total flow draining a given area of the cortex (Srinivasan et al, 2010b) , and we normalized this quantity to the estimated tissue mass to obtain an absolute flow measurement. Venules were chosen rather than arterioles because ascending venules are more numerous, flow is less pulsatile, and the axial projection of velocity virtually always falls within the Doppler detection range of our system (0.7 to 11.4 mm/sec). We frequently observed aliasing in arterioles.
Our results show that DOCT absolute CBF measurements exceed hydrogen clearance CBF measurements by 45%, on average. This may be caused by damage introduced by the platinum electrode insertion, causing a local reduction in flow near the electrode. This is supported by Figure 4C , which shows an apparent local reduction in flow within 200 mm of the point of electrode insertion. Other plausible explanations for the discrepancy are deviations in cortical thickness from the assumed value and overestimation of the extent of the flow profile with DOCT. The flow values of DOCT may depend on instrument resolution (axial and transverse), data processing algorithms to obtain flow measurements, and details such as location of optical focus and skull thickness. Supplementary Figure 4 shows that choice of algorithm parameters for processing DOCT data can affect the scale of absolute flow measurements (absolute flow values ranging from 53.3 to 155.2 mL/100 g per min), although DOCT flow remained linearly correlated with hydrogen clearance flow (0.55pR 2 p0.82, P < 0.01) regardless of parameter choices. For the results presented in Figure 4B , we chose the DOCT algorithm parameters to yield velocity profiles consistent with vessel calibers determined from the OCT angiogram. In separate validation experiments, vessel calibers in the OCT angiogram agreed qualitatively with those determined by two-photon microscopy, as shown in Supplementary Figure 2 .
Finally, we note that DOCT flow measurements require scattering from RBCs. Thus, DOCT measurements may be inaccurate at extremely low hematocrits. In addition, at very low flow rates, it is possible that venular velocity axial projections may not exceed the threshold for detection. Therefore, we cannot assert the accuracy of DOCT flow measurements under all conditions. The correlation between DOCT and hydrogen clearance ( Figure 4B ) supports the assertion that DOCT CBF values can be compared between animals under physiologic conditions. However, the scale of absolute flow measurements may change depending on a number of experimental or algorithm details. Therefore, we strongly suggest that any future studies using DOCT flowmetry should include controls to account for these effects.
In conclusion, DOCT flowmetry and OCT angiography are suitable for noninvasive and quantitative investigation of cerebrovascular physiology with good spatiotemporal resolution. Doppler OCT flow obeys properties expected of steady-state CBF, including conservation along nonbranching vascular segments and at branch points. Moreover, DOCT absolute CBF values correlate with those obtained by simultaneous hydrogen clearance in the rat cortex. Our DOCT CBF estimate is based on the topology of the rat cortical blood supply and the principle of flow conservation, and does not rely on Kety-Schmidt methods. Therefore, DOCT is a novel method to compare CBF across animals over a physiologically relevant range. 
